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MULTI-CHAMBER CARDIAC CAPTURE
DETECTION USING CROSS CHAMBER
SENSING

FIELD OF THE INVENTION

The present invention relates generally to implantable
medical devices and, more particularly, to determining cap-
ture of one or more heart chambers.

BACKGROUND OF THE INVENTION

When functioning normally, the heart produces rhythmic
contractions and is capable of pumping blood throughout the
body. However, due to disease or injury, the heart rhythm may
become irregular resulting in diminished pumping efficiency.
Arrhythmia is a general term used to describe heart rhythm
irregularities arising from a variety of physical conditions and
disease processes. Cardiac rhythm management systems,
such as implantable pacemakers and cardiac defibrillators,
have been used as an effective treatment for patients with
serious arrhythmias. These systems typically comprise cir-
cuitry to sense electrical signals from the heart and a pulse
generator for delivering electrical stimulation pulses to the
heart. [eads extending into the patient’s heart are connected
to electrodes that contact the myocardium for sensing the
heart’s electrical signals and for delivering stimulation pulses
to the heart in accordance with various therapies for treating
the arrhythmias.

Cardiac rhythm management systems operate to stimulate
the heart tissue adjacent to the electrodes to produce a con-
traction of the tissue. Pacemakers are cardiac rhythm man-
agement systems that deliver a series of low energy pace
pulses timed to assist the heart in producing a contractile
rhythm that maintains cardiac pumping efficiency. Pace
pulses may be intermittent or continuous, depending on the
needs of the patient. There exist a number of categories of
pacemaker devices, with various modes for sensing and pac-
ing one or more heart chambers.

When a pace pulse produces a contraction in the heart
tissue, the electrical cardiac signal preceding the contraction
is denoted the captured response (CR). The captured response
may include an electrical signal, denoted the evoked response
signal, associated with the heart contraction, along with a
superimposed signal associated with residual post pace polar-
ization at the electrode-tissue interface. The magnitude of the
residual post pace polarization signal, or pacing artifact, may
be affected by a variety of factors including lead polarization,
after-potential from the pace pulse, lead impedance, patient
impedance, pace pulse width, and pace pulse amplitude, for
example.

A pace pulse must exceed a minimum energy value, or
capture threshold, to produce a contraction. A pacing pulse
that causes a sufficient depolarization of the myocardium,
producing a propagating wave of excitation produces a con-
traction. A pacing pulse that does not produce capture wastes
energy from the limited energy resources (battery) of pace-
maker, and can have deleterious physiological effects as well.
A pacemaker that is not achieving capture is not performing
its function in enforcing a minimum heart rate. A number of
factors can determine whether a given pacing pulse will
achieve capture, but the principal factor of concern here is the
energy of the pulse, which is a function of the pulse’s ampli-
tude and duration or width. Programmable pacemakers
enable the amplitude and pulse width of pacing pulses to be
adjusted, along with other parameters. It is therefore desirable
to perform a capture verification test at selected times in order
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to ascertain whether capture is being achieved by a pace-
maker so that such parameters can be adjusted if needed.

It is desirable for a pace pulse to have sufficient energy to
stimulate capture of the heart without expending energy sig-
nificantly in excess of the capture threshold. Thus, accurate
determination of the capture threshold is required for efficient
pace energy management. [f the pace pulse energy is too low,
the pace pulses may not reliably produce a contractile
response in the heart and may result in ineffective pacing. If
the pace pulse energy is too high, the patient may experience
discomfort and the battery life of the device will be shorter.

Capture detection allows the cardiac rhythm management
system to adjust the energy level of pace pulses to correspond
to the optimum energy expenditure that reliably produces a
contraction. Further, capture detection allows the cardiac
rhythm management system to initiate a back-up pulse at a
higher energy level whenever a pace pulse does not produce a
contraction.

SUMMARY OF THE INVENTION

The present invention involves various methods and
devices for detecting capture of one or more heart chambers.

One embodiment of the invention involves a capture detec-
tion method. The method includes delivering a first pacing
pulse to a first heart chamber and a second pacing pulse to a
second heart chamber. Capture or non-capture of the second
heart chamber is determined. Sensing in the first heart cham-
ber is performed to sense for a propagating cardiac response
initiated by the second pacing pulse. Capture of the first
chamber is detected if capture of the second heart chamber is
detected and if the propagating cardiac response is not
detected.

Another embodiment of the invention is directed to a car-
diac rhythm management system. The system includes car-
diac electrodes configured to electrically couple to a heart. A
pulse generator is coupled to the cardiac electrodes and is
configured to deliver pacing pulses to first and second heart
chambers. A sensing circuit is configured to sense cardiac
electrical signals including a propagating cardiac response
initiated by the second pacing pulse. A capture detection
circuit is coupled to the sensing circuit and the cardiac elec-
trodes. The capture detection circuit is configured to deter-
mine if the second pacing pulse captured the second heart
chamber and to detect capture of the first heart chamber if
capture of the second heart chamber is detected and if the
propagating cardiac response is not detected.

The above summary of the present invention is not
intended to describe each embodiment or every implementa-
tion of the present invention. Advantages and attainments,
together with a more complete understanding of the inven-
tion, will become apparent and appreciated by referring to the
following detailed description and claims taken in conjunc-
tion with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a diagram illustrating a propagating wavefront of
electrical activation produced by capture of the right ventricle
moving toward the left ventricle;

FIG. 2 illustrates a timing diagram of paced events and
sensed signals in the right and left ventricles illustrating cap-
ture of both ventricles;

FIG. 3 is a diagram illustrating capture of the right ventricle
with non-capture of the left ventricle during a cardiac cycle;

FIG. 4 is a timing diagram illustrating paced events and
sensed signals for biventricular pacing resulting in right ven-
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tricular capture and left ventricular non-capture in accor-
dance with embodiments of the invention;

FIG. 5A is a flowchart illustrating a capture detection
method for multi-chamber pacing in accordance with
embodiments of the invention;

FIG. 5B is a flowchart illustrating capture detection
wherein a first heart chamber is paced and a second heart
chamber is paced or intrinsically depolarizes in accordance
with embodiments of the invention;

FIGS. 6A and 6B are flowcharts illustrating an automatic
capture detection process for biventricular pacing in accor-
dance with embodiments of the invention;

FIG. 7A illustrates a partial view of a cardiac rhythm man-
agement system that may be used to implement multi-cham-
ber capture detection methods of in accordance with embodi-
ments of the invention;

FIG. 7B is shown a block diagram of an embodiment of a
cardiac rhythm management system suitable for implement-
ing a capture detection methodology of the present invention;

FIG. 7C depicts a block diagram illustrating an evoked
response (ER) sensing channel in accordance with embodi-
ments of the invention;

FIG. 8 is a graph illustrating signals that may be sensed by
the evoked response sensing channel and used for capture
detection in accordance with embodiments of the invention;

FIGS. 9-12 are flowcharts illustrating multi-chamber cap-
ture detection processes in accordance with embodiments of
the invention; and

FIGS. 13A-131 are timing diagrams illustrating automatic
capture detection using cross chamber sensing in accordance
with embodiments of the invention.

While the invention is amenable to various modifications
and alternative forms, specifics thereof have been shown by
way of example in the drawings and will be described in detail
below. It is to be understood, however, that the intention is not
to limit the invention to the particular embodiments
described. On the contrary, the invention is intended to cover
all modifications, equivalents, and alternatives falling within
the scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

In the following description of the illustrated embodi-
ments, references are made to the accompanying drawings
forming a part hereof, and in which are shown by way of
illustration, various embodiments by which the invention
may be practiced. It is to be understood that other embodi-
ments may be utilized, and structural and functional changes
may be made without departing from the scope of the present
invention.

Pacemakers, which may include, for example, pacemaker/
defibrillators, and/or cardiac resynchronizers, are used to
regulate heart rhythm. These devices typically include a pulse
generator that generates pacing pulses delivered to one or
more heart chambers through implanted electrodes. The pac-
ing pulses stimulate tissue adjacent the electrodes. If a pacing
pulse has sufficient energy to “capture” the heart tissue, then
the heart chamber contracts producing a paced cardiac beat.

A pacemaker may be used, for example, to regulate a heart
rhythm that is too slow or is insufficiently coordinated to
produce hemodynamically effective pumping action. Pace-
makers typically have a programmable electronic controller
that causes the pacing pulses to be output in response to
lapsed time intervals and sensed electrical activity (i.e., intrin-
sic heart beats). Most pacemakers are programmed to operate
in a so-called demand mode where a pacing pulse is delivered

20

25

30

35

40

45

50

55

60

65

4

to a heart chamber during a cardiac cycle only when no
intrinsic beat by the chamber is detected. An escape interval is
defined for the paced chamber, which is the minimum time
interval in which an intrinsic beat must be detected before a
pace will be delivered. The ventricular escape interval thus
defines the minimum rate at which the pacemaker will allow
the heart to beat, sometimes referred to as the lower rate limit.
If functioning properly, the pacemaker makes up for a heart’s
inability to pace itself at an appropriate rhythm.

Also included within the concept of cardiac rhythm is the
manner and degree to which the heart chambers contract in a
coordinated manner during a cardiac cycle to produce effi-
cient pumping of blood. The heart pumps more effectively
when the chambers contract in a coordinated manner. The
heart has specialized conduction pathways in both the atria
and the ventricles that enable the rapid conduction of excita-
tion (i.e., depolarization) throughout the myocardium. These
pathways conduct excitatory impulses in a manner that results
in a coordinated contraction of both atria and both ventricles.
Without the synchronization afforded by the normally func-
tioning specialized conduction pathways, the heart’s pump-
ing efficiency is greatly diminished. Patients who exhibit
pathology of these conduction pathways, such as bundle
branch blocks, can thus suffer compromised cardiac output.
The resulting reduction in cardiac output may be significant
in a patient with congestive heart failure (CHF) whose cardiac
output is already compromised. Intraventricular and/or inter-
ventricular conduction defects can also be a cause of CHF in
some patients. In order to treat these problems, pacemakers
have been developed which provide multi-site electrical pac-
ing stimulation to one or both atria and/or one or both ven-
tricles during a cardiac cycle in an attempt to improve the
coordination of atrial and/or ventricular contractions.
Therapy that is delivered to improve the coordination of atrial
and/or ventricular contractions is sometimes denoted cardiac
resynchronization therapy. To optimize the cardiac output for
some heart failure patients, for example, the right and left
ventricles may be paced in sequence with a determined time
offset between the right and left ventricular paces. This type
of therapy is termed biventricular pacing.

Multi-chamber capture determination methodologies in
accordance with embodiments of the invention are based on
cancellation of depolarization wavefronts caused by paced or
sensed cardiac events occurring in bilateral cardiac chambers,
e.g., right and left ventricles. In one exemplary situation, after
sequentially pacing both ventricles, the system senses for
cardiac activity in the first-paced ventricle during a cross-
chamber sensing window that follows the pacing pulse deliv-
ered to the second-paced ventricle. If both pacing pulses
captured their respective chambers, the depolarization wave-
front of the first-paced ventricle collides with a depolarization
wavefront of the second-paced ventricle and cancels the car-
diac activity in the first-paced ventricle during the cross
chamber sensing window. If the first-paced ventricle was not
captured, then no cancellation occurs, and cardiac activity
responsive to the activation of the second paced chamber is
evident in the cross chamber sensing window.

The processes involved in capture detection methodologies
in accordance with embodiments of the invention are illus-
trated in the diagrams of FIGS. 1-4. FIGS. 1-4 pertain to
biventricular pacing, however, the concepts are similarly
applicable to biatrial pacing. As illustrated in FIG. 1, capture
of the right ventricle produces a propagating wavefront of
electrical activation 110 moving toward the left ventricle.
Capture of the left ventricle produces a propagating wave-
front of electrical activation 120 moving toward the right
ventricle. The wavefronts 110,120 from the right and left
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ventricles collide and interact at a point between the pacing
electrodes. At the point of collision, each wavefront 110, 120
meets refractory tissue and the wavefronts 110, 120 annihi-
late one another.

FIG. 2 illustrates a timing diagram of paced events and
sensed signals in the right and left ventricles illustrating cap-
ture of both ventricles. In this scenario, a right ventricular
pacing pulse (RVP) is delivered to the right ventricle. A left
ventricular pacing pulse (LVP) is delivered to the left ven-
tricle slightly delayed from the time of delivery of the RVP.
Delivery of the RVP and LVP may be separated in time by an
interventricular delay 210, such as an interventricular delay
210 of up to about 100 ms. In various embodiments, either the
left ventricle or the right ventricle may be paced first.

The right ventricular cardiac signal following the RVP may
be sensed by a right ventricular sensing channel or by a
dedicated evoked response (ER) sensing channel 230, for
example. If the RVP captures the right ventricle, then a right
ventricular evoked response 220 is present on the ER sensing
channel 230. The left ventricular cardiac signal may be sensed
following the LVP, for example, using a left ventricular sens-
ing channel 240. If the left ventricle is captured by the LVP,
the left ventricular cardiac tissue becomes refractory for a
period of time 250 following activation of the left ventricular
tissue. The refractoriness of the left ventricular cardiac tissue
after capture prevents a signal produced by the right ventricu-
lar depolarization wavefront 110 (FIG. 1) from appearing on
the left ventricular sensing channel 240 during a cross-cham-
ber sensing window 260. The lack of cardiac signal sensed on
the left ventricular sensing channel 240 during the cross-
chamber sensing window 260 following delivery of the LVP
in addition to the evoked response of the right ventricle pro-
duced by the RVP indicates capture of the right and the left
ventricles. Detecting capture of the right ventricle or an intrin-
sic right ventricular event confirms bradycardia pacing sup-
port. Detecting capture of the right ventricle or an intrinsic
right ventricular event in addition to capture of the left ven-
tricle confirms biventricular pacing support. Detecting a lack
of cardiac signal sensed on the left ventricular sensing chan-
nel 240 alone may not confirm bradycardia or biventricular
pacing support. For example, if both ventricles were not cap-
tured, then there would be no signal on the left ventricular
sensing channel 240.

FIG. 3 illustrates capture of the right ventricle with non-
capture of the left ventricle during a cardiac cycle. Capture of
the right ventricle initiates a propagating wavefront of elec-
trical activation that starts 310 in the right ventricle and travels
toward the left ventricle. If the left ventricle is not captured by
the pacing pulse delivered to the left ventricle, there is no
opposing depolarization wavefront traveling from the left to
the right ventricles. The left ventricular tissue does not
become refractory and the depolarization wavefront initiated
by right ventricular capture continues 320 to the left ventricle.

The timing diagram of FIG. 4 illustrates paced events and
sensed signals for biventricular pacing resulting in right ven-
tricular capture and left ventricular non-capture. In this sce-
nario, a right ventricular pacing pulse (RVP) is delivered to
the right ventricle. A left ventricular pacing pulse (LVP) is
delivered to the left ventricle slightly delayed from the time of
delivery of the RVP. Delivery of the RVP and LVP may be
separated in time by an interventricular delay 210, such as an
interventricular delay 210 of up to about 100 ms. In various
embodiments, either the left ventricle or the right ventricle
may be paced first.

In this example, the right ventricular cardiac signal follow-
ing the RVP is sensed by a dedicated evoked response (ER)
sensing channel 230. The RVP captures the right ventricle and
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a right ventricular evoked response 220 is present on the ER
sensing channel 230. The left ventricular cardiac signal is
sensed following the LVP using a left ventricular sensing
channel 240. In this example, the left ventricle is not captured
by the LVP and initiation of a propagating wavefront of
cardiac activation from the left ventricle does not occur. The
left ventricular cardiac tissue does not become refractory. The
non-refractoriness of the left ventricular cardiac tissue allows
the right ventricular depolarization wavefront 320 (FIG. 3) to
propagate to the left ventricle. A signal Vs 410 sensed on the
left ventricular sensing channel 240 during a cross-chamber
sensing window 260 indicates capture of the right ventricle
and non-capture of the left ventricle.

The electrophysiological events described above may be
used to determine capture of one or both chambers during
biatrial and/or biventricular pacing. The flowchart of FIG. 5A
illustrates a capture detection method for multichamber pac-
ing in accordance with embodiments of the invention. In this
implementation, both chambers are paced. First and second
pacing pulses are delivered to first and second heart cham-
bers, respectively 512, 514. The first and second heart cham-
bers may comprise bilaterial heart chambers, e.g., first and
second ventricles or first and second atria. The pacing pulses
may be delivered substantially simultaneously. Alternatively,
the first and the second pacing pulses may be separated by an
interventricular delay. In one scenario, the right ventricle or
atrium is paced before the left ventricle or atrium. In another
scenario the left ventricle or atrium is paced before the right
ventricle or atrium.

The system senses 516 in the first heart chamber for a
propagating cardiac response initiated by the second pacing
pulse. If the propagating cardiac response is not sensed 518 in
the first heart chamber, then capture of the first heart chamber
is detected. Ifthe propagating cardiac response is sensed, then
non-capture of the first heart chamber is detected.

FIG. 5B is a flowchart illustrating capture detection
wherein a first heart chamber is paced and a second heart
chamber is paced or intrinsically depolarizes. A pacing pulse
is delivered 522 to a first heart chamber. The system senses in
the first chamber for a propagating cardiac depolarization
initiated in the second heart chamber. If the propagating car-
diac depolarization is not sensed 524, then capture is detected
526. The depolarization may be caused by an intrinsic depo-
larization, or capture of the second heart chamber. In some
embodiments, the system may sense only in one the first
chamber. In other embodiments, system may also sense in the
second chamber for an intrinsic or capture response. Capture
of the second heart chamber may be detected using, for
example, any of the methods described in connection with
FIG. 3 above.

Multi-chamber pacemakers are used to provide both
bradycardia therapy and cardiac resynchronization therapy.
Bradycardia therapy maintains a heart rate above a lower rate
limit. Cardiac resynchronization therapy involves pacing
bilateral heart chambers, e.g., right and left ventricles, sub-
stantially simultaneously, or in phased sequence to promote
an effective pumping action of the heart. Various embodi-
ments of the invention are directed to confirming that one or
both of bradycardia therapy and cardiac resynchronization
therapy are delivered to the heart. F1G. 6 is a flowchart depict-
ing a process that may be used to confirm bradycardia therapy
and/or resynchronization therapy for left and right ventricles.

Cardiac resynchronization therapy may involve pacing one
or both ventricles following an atrioventricular delay (AVD).
The atrioventricular delay interval may be initiated by an
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intrinsic depolarization of an atrium or a pacing pulse deliv-
ered to an atrium. The biventricular therapy may be delivered
relative to the AVD.

Biventricular therapy may involve pacing or sensing the
left ventricle and pacing or sensing the right ventricle. In
some implementations, pacing pulses are delivered to both
the left and the right ventricles substantially simultaneously,
e.g., within 5 msec. In some implementations, the pacing
pulses delivered to the left and the right ventricles are sepa-
rated by an interventricular delay (IVD) interval. For
example, a biventricular therapy may involve pacing the one
ventricle after expiration of the atrioventricular delay, initiat-
ing an interventricular delay relative to the delivery of the left
ventricular pace, and pacing the other ventricle after expira-
tion of the interventricular delay.

In some cases, biventricular therapy may involve pacing
one ventricle prior to the expiration of an AVD interval. For
example, biventricular therapy may involve delivering a first
pacing pulse upon or after expiration of an atrioventricular
delay and delivering a second pacing pulse relative to the
delivery of the first pacing pulse. Delivering the second pac-
ing pulse relative to the delivery of the first pacing pulse may
involve delivering the second pacing pulse before or after the
first pacing pulse. If the second pacing pulse is delivered
before the first pacing pulse, then the second pacing pulse is
delivered prior to the expiration of the atrioventricular delay.

Biventricular therapy may involve triggering delivery of a
pace to one ventricle after an intrinsic depolarization of the
other ventricle is sensed. For example, biventricular therapy
may involve sensing an intrinsic depolarization of the right
ventricle, initiating an interventricular delay interval, and
pacing the left ventricle after expiration of the interventricular
delay. Alternatively, biventricular therapy may involve sens-
ing an intrinsic depolarization of the left ventricle, initiating
an interventricular delay interval, and pacing the right ven-
tricle after expiration of the interventricular delay. Biven-
tricular therapy may involve inhibiting the delivery of a
scheduled ventricular pace to a ventricle based on sensing an
intrinsic depolarization of the ventricle.

By way of example, the processes of the present invention
may be used to enhance capture threshold testing to deter-
mine the optimal energy for pacing. Determination of the
optimal pacing energy may be implemented, for example, by
an automatic capture threshold testing procedure executed by
an implantable cardiac rhythm management system. Addi-
tionally, automatic capture verification may be used to moni-
tor pacing on a beat-by-beat basis. Automatic capture verifi-
cation may be used to control back up pacing when a pace
pulse delivered to the heart fails to evoke a captured response
(CR). These and other applications may be enhanced by
employment of the systems and methods ofthe present inven-
tion.

Those skilled in the art will appreciate that reference to a
capture threshold procedure indicates a method of determin-
ing the capture threshold in one of the left atrium, the right
atrium, the left ventricle, and the right ventricle. In such a
procedure, the pacemaker, automatically or upon command,
initiates a search for the capture threshold of the selected heart
chamber or chambers. The capture threshold is defined as the
lowest pacing energy that consistently produces a contraction
of the heart chamber.

In one example of an automatic capture threshold proce-
dure, the pacemaker delivers a sequence of pacing pulses to
the heart and detects the cardiac responses to the pace pulses.
The energy of the pacing pulses may be decreased in discrete
steps until a predetermined number of loss-of-capture events
occur. After the predetermined number of loss-of-capture
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events occur, the pacemaker may increase the stimulation
energy in discrete steps until a predetermined number of
capture events occur to confirm the capture threshold. A cap-
ture threshold test may be performed using cardiac response
classification methods of the present invention.

Other procedures for implementing capture threshold test-
ing may beutilized. In one example, the pacing energy may be
increased in discrete steps until capture is detected. In another
example, the pacing energy may be adjusted according to a
binomial search pattern.

Automatic capture threshold determination is distinguish-
able from automatic capture detection, a procedure that may
occur on a beat-by-beat basis during pacing. Automatic cap-
ture detection verifies that a delivered pace pulse results in a
captured response. When a captured response is not detected
following a pace pulse, the pacemaker may deliver a back up
safety pace to ensure consistent pacing. The back up pace may
be delivered, for example, about 90-110 ms after the initial
pace pulse. If a predetermined number of pace pulses deliv-
ered during normal pacing do not produce a captured
response, the pacemaker may initiate a capture threshold test
to determine the capture threshold. Automatic capture detec-
tion and back up pacing may be implemented using the car-
diac response classification processes of the present inven-
tion.

Programmable pacemakers enable the amplitude and pulse
width of pacing pulses to be adjusted, along with other param-
eters. The capture threshold may be determined by using a
capture threshold test that initially paces with a high energy to
ensure capture and then progressively lowers the pacing pulse
energy during a sequence of cardiac cycles until capture is no
longer achieved. The capture threshold may alternatively be
determined by ramping up the pacing energy, or by using
another search algorithm. The capture threshold determina-
tion process may be implemented in a clinical setting under
the supervision of a physician, may be implemented auto-
matically by the pacemaker, or may be initiated through an
advanced patient management interface. Once the capture
threshold is known for each chamber, the pacing pulse ener-
gies for the respective chambers can then be adjusted to an
appropriate value for consistent capture for the chambers.

During delivery of pacing therapy to the patient, the pace-
maker may detect loss of capture. Loss of capture refers to the
situation wherein the energy of the pacing pulses is no longer
sufficient to capture the heart tissue and produce a contrac-
tion. Loss of capture may be determined, for example, if
noncapture of the chamber is detected for a predetermined
number of beats, e.g., about 3 of about 5 beats. If loss of
capture occurs, a capture threshold test may be scheduled.

After pacing a heart chamber, the pacemaker may deter-
mine that a delivered pacing pulse did not capture the heart
chamber. In this situation, the pacemaker may adjust the
pacing energy delivered by the pacemaker to the chamber,
deliver a back-up pace and/or schedule a capture threshold
test. Determining capture or noncapture of a heart chamber
beat-by-beat is typically referred to as automatic capture veri-
fication. An automatic capture verification function provides
the pacemaker with extended longevity, greater ease of use,
and greater patient safety.

A pacemaker may detect capture by sensing for an evoked
response in a capture detection window that starts after the
delivery of the pacing pulse. Pacemakers often include one or
more sensing channels for sensing intrinsic activity in the
heart chambers. Sensing channels are normally rendered
refractory (i.e., insensitive) for a specified time period imme-
diately following a pace in order to prevent the pacemaker
from mistaking a pacing pulse or afterpotential for an intrin-
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sic beat. This may be accomplished by the pacemaker con-
troller ignoring sensed events during the refractory intervals.
Refractory intervals may be defined for atrial and ventricular
sensing channels and with respect to both atrial and ventricu-
lar paced events.

Furthermore, a separate period that overlaps the early part
of a refractory interval may also be defined, denoted a blank-
ing interval, during which the sense amplifiers are blocked
from receiving input in order to prevent their saturation dur-
ing and after a pacing pulse. If the same sensing channels are
used for both sensing intrinsic activity and evoked responses,
the interval of time that the pacemaker senses for an evoked
response must therefore be defined as a period that super-
cedes the normal refractory period so that the sensing cir-
cuitry within the pacemaker becomes sensitive to an evoked
P-wave or R-wave.

In embodiments described herein, a dedicated evoked
response sensing channel, separate from the sensing channels
used to sense intrinsic activity, is utilized. The evoked
response channel is used to sense signals for capture detec-
tion. The separate evoked response channel may be coupled
to electrodes in one or more heart chambers through a switch
matrix. Such an arrangement allows various electrode pairs to
be coupled to the evoked response channel for detecting cap-
ture in multiple chambers.

In some implementations, capture verification is per-
formed by delivering a pacing pulse and sensing for an
evoked response using the same electrode. However, the
induced polarization that builds up on an electrode after a
pacing pulse is delivered may interfere with sensing the
evoked response if the same electrode is used for pacing and
sensing. Furthermore, because an evoked response is a wave
of depolarization that necessarily moves away from a pacing
electrode responsible for the depolarization, sensing for an
evoked response may be performed more effectively using an
electrode other than the electrode used for pacing. Using a
separate evoked response channel that may be connected
through a switch matrix to various electrodes facilitates the
use of a first set of electrodes for pacing and a different set of
electrodes for sensing for an evoked response.

In a multiple chamber pacing regimen, capture verification
based upon sensing for an evoked response of individual
chambers may not be accurate. In biventricular pacing, for
example, the proximity in time of resynchronization paces to
the left and right ventricles may prevent an evoked response
caused by the first pace from being distinguished from an
electrical signal generated by the second pace. In addition, the
electrical signal generated by the second pace could interfere
with evoked response sensing when the evoked response from
the first pace occurs within an amplifier blanking interval
initiated by the second pace.

Various embodiments of the invention are directed meth-
ods and systems for determining capture of multiple heart
chambers. The approaches described herein may be used, for
example, to provide beat-to-beat biventricular or biatrial
automatic capture verification. Further, the approaches
described herein may be used in connection with automatic
capture threshold testing for multichamber devices. In vari-
ous embodiments, a single evoked response sensing channel
may be used in connection with automatic capture threshold
testing for each pacing channel, e.g., right atrial, left atrial,
right ventricular and/or left ventricular pacing channels.

Automated threshold testing can be achieved by connect-
ing appropriate electrodes to via a switch matrix to the evoked
response sensing amplified and testing each channel indi-
vidually. A similar approach may not be effective for imple-
menting automatic capture verification beat-by-beat during
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multichamber pacing. Sensing for the evoked responses of
multiple chambers during multichamber pacing may be pre-
cluded due to blanking schemes and cross-chamber interfer-
ence. Cross chamber interference and blanking can swamp
the evoked responses, degrading the automatic capture detec-
tion performance. This situation is exacerbated with the use of
an interchamber pacing delay. For example, biventricular
pacing therapy may involve pacing a first ventricle and then
pacing a second ventricle after an interventricular delay, e.g.,
a delay of about —100 ms to about 100 ms.

Inone approach the ventricular beat-to-beat automatic cap-
ture detection feature senses for either an evoked response of
the right or the left ventricle depending on the interventricular
delay. For example, if the pace timing offset between the right
ventricle (RV) and the left ventricle (LV) is positive (RV
paced prior to LV), then the system senses for an evoked
response of the left ventricle for beat to beat automatic cap-
ture detection. In this case, the RV evoked response may be
hidden in the LV pace. The LV evoked response occurs after
both paces and may provide the cleanest evoked response. If
the pace timing offset between the right ventricle (RV) and the
left ventricle (LV) is negative (LV paced prior to RV) then the
system senses for an evoked response of the right ventricle. If
the channels are simultaneously pace, e.g., paced within 5
msec of each other, then either channel may be used.

The above described automatic capture detection process
ensures that the heart contracted following biventricular pac-
ing, confirming bradycardia therapy, but not heart failure
therapy. An autothreshold algorithm, utilized, for example at
preset intervals such as once per hour, may be used to confirm
the delivery of heart failure therapy. In this mode, the auto-
matic capture detection algorithm ensures patient safety by
confirming bradycardia therapy on a beat to beat basis and the
autothreshold test confirms heart failure therapy on a periodic
basis.

The flowcharts of FIGS. 6A and 6B illustrate an automatic
capture detection process for biventricular pacing in accor-
dance with embodiments of the invention. In FIG. 6A, the
RV-LV offset is determined 610. A chamber is selected 615
for active automatic capture mode depending on the RV-LV
offset. For example, if the RV-LV offset is positive, i.e., the
RV is paced before the LV, the LV is selected as the active
chamber, designated chamber 1, for automatic capture detec-
tion. However, if the RV-LV offset is negative, i.e., the LV is
paced before the RV, then the RV is selected as the active
chamber for automatic capture detection. [fthe RV and LV are
paced substantially simultaneously, e.g., within about 5 msec,
then either chamber may be selected as the active chamber.
The system is initialized 620 for automatic capture detection
based on the chamber selection. The initialization process
may involve, for example, activating a switch matrix to
couple appropriate electrodes to an evoked response sensing
channel.

Following the initialization process described in connec-
tion with FIG. 6 A, the system enters automatic capture mode
630, illustrated in FIG. 6B. Chamber 2 and chamber 1 are
paced 635, 640 according to the RV-LV offset. The system
senses for 645 the evoked response of chamber 1. If capture is
not detected 650 in chamber 1, then the system may increase
655 the pacing voltage and/or schedule 660 a backup pace.

If capture is detected 650 in chamber 1, then bradycardia
therapy is confirmed. The system senses 670 for cardiac activ-
ity in the cross chamber sensing window. If cardiac activity is
not detected 675 for a predetermined number of beats, then
the automatic capture detection process continues 630. If
cardiac activity is detected for the predetermined number of
beats, then a threshold test is scheduled.
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The embodiments of the present system illustrated herein
are generally described as being implemented in a cardiac
rhythm management system (CRMS) incorporating the func-
tions of a cardiac defibrillator and pacemaker that may oper-
ate in numerous pacing modes known in the art. Various types
of single and multiple chamber implantable cardiac defibril-
lators are known in the art and may be used in connection with
the cardiac response classification methods of the present
invention. The methods of the present invention may be
implemented a variety of implantable or patient-external car-
diac rhythm management devices, including single and multi
chamber pacemakers, defibrillators, cardioverters, bi-ven-
tricular pacemakers, cardiac resynchronizers, and cardiac
monitoring systems, for example.

Although the present system is described in conjunction
with an implantable CRMS having a microprocessor-based
architecture, it will be understood that the implantable CRMS
(or other device) may be implemented in any logic-based
integrated circuit architecture, if desired.

Referring now to FIG. 7A of the drawings, there is shown
a CRMS that may be used to implement cardiac response
classification methods of the present invention. The CRMS in
FIG. 7A includes a pulse generator (PG) 700 electrically and
physically coupled to a lead system 702. The housing and/or
header of the PG 700 may incorporate one or more electrodes
808, 809 used to provide electrical stimulation energy to the
heart and to sense cardiac electrical activity. The PG 700 may
utilize all or a portion of the PG housing as a can electrode
809. The PG 700 may include an indifferent electrode posi-
tioned, for example, on the header or the housing of the PG
700. If the PG 700 includes both a can electrode 809 and an
indifferent electrode 808, the electrodes 808, 809 typically
are electrically isolated from each other.

The lead system 702 is used to detect electric cardiac
signals produced by the heart 701 and to provide electrical
energy to the heart 701 under certain predetermined condi-
tions to treat cardiac arrhythmias. The lead system 702 may
include one or more electrodes used for pacing, sensing,
and/or defibrillation. In the embodiment shown in FIG. 7A,
the lead system 702 includes an intracardiac right ventricular
(RV) lead system 704, an intracardiac right atrial (RA) lead
system 705, and an intracardiac left ventricular (LV) lead
system 706. The CRMS illustrated in FIG. 7A is configured
for biventricular pacing. The lead system 702 of FIG. 7A
illustrates one embodiment that may be used in connection
with the capture detection methodologies described herein.
Other leads and/or electrodes may additionally or alterna-
tively be used. For example, a CRMS may be configured for
biatrial pacing. In this configuration, the CRMS may employ
a left atrial lead system, such as a lead system having extra-
cardial left atrial electrodes.

The lead system 702 may include intracardiac leads 704,
705, 706 implanted in a human body with portions of the
intracardiac leads 704, 705, 706 inserted into a heart 701. The
intracardiac leads 704, 705, 706 include various electrodes
positionable within the heart for sensing electrical activity of
the heart and for delivering electrical stimulation energy to
the heart, for example, pacing pulses and/or defibrillation
shocks to treat various arrhythmias of the heart.

As illustrated in FIG. 7A, the lead system 702 may include
one or more extracardiac leads 708 having electrodes, e.g.,
epicardial electrodes, positioned at locations outside the heart
for sensing and pacing one or more heart chambers.

The right ventricular lead system 704 illustrated in FIG. 7A
includes an SVC-coil 716, an RV-coil 714, an RV-ring elec-
trode 711, and an RV-tip electrode 712. The right ventricular
lead system 704 extends through the right atrium 720 and into
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the right ventricle 719. In particular, the RV-tip electrode 712,
RV-ring electrode 711, and RV-coil electrode 714 are posi-
tioned at appropriate locations within the right ventricle 719
for sensing and delivering electrical stimulation pulses to the
heart. The SVC-coil 716 is positioned at an appropriate loca-
tion within the right atrium chamber 720 of the heart 701 or a
major vein leading to the right atrial chamber 720 of the heart
701.

In one configuration, the RV-tip electrode 712 referenced
to the can electrode 809 may be used to implement unipolar
pacing and/or sensing in the right ventricle 719. Bipolar pac-
ing and/or sensing in the right ventricle may be implemented
using the RV-tip 712 and RV-ring 711 electrodes. In yet
another configuration, the RV-ring 711 electrode may option-
ally be omitted, and bipolar pacing and/or sensing may be
accomplished using the RV-tip electrode 712 and the RV-coil
714, for example. The right ventricular lead system 704 may
be configured as an integrated bipolar pace/shock lead. The
RV-coil 714 and the SVC-coil 716 are defibrillation elec-
trodes.

The left ventricular lead 706 includes an LV distal elec-
trode 713 and an LV proximal electrode 717 located at appro-
priate locations in or about the left ventricle 724 for pacing
and/or sensing the left ventricle 724. The left ventricular lead
706 may be guided into the right atrium 720 of the heart via
the superior vena cava. From the right atrium 720, the left
ventricular lead 706 may be deployed into the coronary sinus
ostium, the opening of the coronary sinus 750. The lead 706
may be guided through the coronary sinus 750 to a coronary
vein of the left ventricle 724. This vein is used as an access
pathway for leads to reach the surfaces of the left ventricle
724 which are not directly accessible from the right side of the
heart. Lead placement for the left ventricular lead 706 may be
achieved via subclavian vein access and a preformed guiding
catheter for insertion of the LV electrodes 713, 717 adjacent
to the left ventricle.

Unipolar pacing and/or sensing in the left ventricle may be
implemented, for example, using the LV distal electrode ref-
erenced to the can electrode 809. The LV distal electrode 713
and the LV proximal electrode 717 may be used together as
bipolar sense and/or pace electrodes for the left ventricle. The
left ventricular lead 706 and the right ventricular lead 704, in
conjunction with the PG 700, may be used to provide cardiac
resynchronization therapy such that the ventricles of the heart
are paced substantially simultaneously, or in phased
sequence, to provide enhanced cardiac pumping efficiency
for patients suffering from congestive heart failure.

The right atrial lead 705 includes a RA-tip electrode 756
and an RA-ring electrode 754 positioned at appropriate loca-
tions in the right atrium 720 for sensing and pacing the right
atrium 720. In one configuration, the RA-tip 756 referenced
to the can electrode 809, for example, may be used to provide
unipolar pacing and/or sensing in the right atrium 720. In
another configuration, the RA-tip electrode 756 and the RA-
ring electrode 754 may be used to effect bipolar pacing and/or
sensing.

Referring now to FIG. 7B, there is shown a block diagram
of'an embodiment of a CRMS 800 suitable for implementing
a capture detection methodology of the present invention.
FIG. 7B shows a CRMS divided into functional blocks. It is
understood by those skilled in the art that there exist many
possible configurations in which these functional blocks can
be arranged. The example depicted in FIG. 7B is one possible
functional arrangement. Other arrangements are also pos-
sible. For example, more, fewer or different functional blocks
may be used to describe a cardiac defibrillator suitable for
implementing the cardiac response classification methodol-
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ogy of the present invention. In addition, although the CRMS
800 depicted in FIG. 7B contemplates the use of a program-
mable microprocessor-based logic circuit, other circuit
implementations may be utilized.

The CRMS 800 depicted in FIG. 7B includes circuitry for
receiving cardiac signals from a heart and delivering electri-
cal stimulation energy to the heart in the form of pacing pulses
or defibrillation shocks. In one embodiment, the circuitry of
the CRMS 800 is encased and hermetically sealed in a hous-
ing 801 suitable for implanting in a human body. Power to the
CRMS 800 is supplied by an electrochemical battery 880. A
connector block (not shown) is attached to the housing 801 of
the CRMS 800 to allow for the physical and electrical attach-
ment of the lead system conductors to the circuitry of the
CRMS 800.

The CRMS 800 may comprise a programmable micropro-
cessor-based system, including a control system 820 and a
memory 870. The memory 870 may store parameters for
capture detection along with information related to various
pacing, defibrillation, and sensing modes, along with other
parameters. Further, the memory 870 may store data indica-
tive of cardiac signals received by other components of the
cardiac defibrillator 800. The memory 870 may be used, for
example, for storing historical EGM and therapy data. The
historical data storage may include, for example, data
obtained from long-term patient monitoring used for trending
or other diagnostic purposes. Historical data, as well as other
information, may be transmitted to an external programmer
unit 890 as needed or desired.

The control system 820 and memory 870 may cooperate
with other components of the CRMS 800 to control the opera-
tions of the CRMS 800. The control system depicted in FIG.
7B incorporates a capture detector 825 for detecting capture
in accordance with various embodiments of the present inven-
tion. The control system 820 may include additional func-
tional components including a pacemaker control circuit 822,
an arrhythmia detector 821, and a template processor 824,
along with other components for controlling the operations of
the cardiac defibrillator 800.

Telemetry circuitry 860 may be implemented to provide
communications between the CRMS 800 and an external
programmer unit 890. In one embodiment, the telemetry cir-
cuitry 860 and the programmer unit 890 communicate using
a wire loop antenna and a radio frequency telemetric link, as
is known in the art, to receive and transmit signals and data
between the programmer unit 890 and the telemetry circuitry
860. In this manner, programming commands and other infor-
mation may be transferred to the control system 820 of the
CRMS 800 from the programmer unit 890 during and after
implant. In addition, stored cardiac data pertaining to capture
threshold and/or capture detection, for example, along with
other data, may be transferred to the programmer unit 890
from the CRMS 800.

In the embodiment ofthe CRMS 800 illustrated in FIG. 7B,
electrodes RA-tip 756, RA-ring 754, RV-tip 712, RV-ring
711, RV-coil, SVC-coil, LV distal electrode 113, LV proximal
electrode 717, indifferent electrode 808, and can electrode
809 are coupled through a switch matrix 810 to sensing cir-
cuits 831-837.

A right atrial sensing circuit 831 serves to detect and
amplify electrical signals from the right atrium of the heart.
Bipolar sensing in the right atrium may be implemented, for
example, by sensing voltages developed between the RA-tip
756 and the RA-ring 754. Unipolar sensing may be imple-
mented, for example, by sensing voltages developed between
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the RA-tip 756 and the can electrode 809. Outputs from the
right atrial sensing circuit are coupled to the control system
820.

A right ventricular sensing circuit 832 serves to detect and
amplify electrical signals from the right ventricle of the heart.
The right ventricular sensing circuit 832 may include, for
example, a right ventricular rate channel 833 and a right
ventricular shock channel 834. Right ventricular cardiac sig-
nals sensed through use of the RV-tip 712 electrode are right
ventricular near-field signals and are denoted RV rate channel
signals. A bipolar RV rate channel signal may be sensed as a
voltage developed between the RV-tip 712 and the RV-ring.
Alternatively, bipolar sensing in the right ventricle may be
implemented using the RV-tip electrode 712 and the RV-coil
714. Unipolar rate channel sensing in the right ventricle may
be implemented, for example, by sensing voltages developed
between the RV-tip 712 and the can electrode 809.

Right ventricular cardiac signals sensed through use of the
RV-coil electrode 714 are far-field signals, also referred to as
RV morphology or RV shock channel signals. More particu-
larly, a right ventricular shock channel signal may be detected
as a voltage developed between the RV-coil 714 and the
SVC-coil 716. A right ventricular shock channel signal may
also be detected as a voltage developed between the RV-coil
714 and the can electrode 809. In another configuration the
can electrode 809 and the SVC-coil electrode 716 may be
electrically shorted and a RV shock channel signal may be
detected as the voltage developed between the RV-coil 114
and the can electrode 809/SVC-coil 716 combination.

Outputs from the right ventricular sensing circuit 832 are
coupled to the control system 820. Rate channel signals and
shock channel signals may be used to develop morphology
templates for analyzing cardiac signals, e.g., for detecting
cardiac arrhythmia. Rate channel signals and shock channel
signals may be transferred from the right ventricular sensing
circuit 832 to the control system 820 and to a template pro-
cessor 824 where the morphological characteristics of a car-
diac signal are analyzed. The template processor 824 works in
combination with the control system 820 and the memory 870
to generate and maintain various types of templates, includ-
ing, for example, templates used for arrhythmia discrimina-
tion as well as capture detection as described in more detail
below.

A left ventricular sensing circuit 836 serves to detect and
amplify electrical signals from the left ventricle of the heart.
Bipolar sensing in the left ventricle may be implemented, for
example, by sensing voltages developed between the LV dis-
tal electrode 713 and the LV proximal electrode 717. Unipolar
sensing may be implemented, for example, by sensing volt-
ages developed between the LV distal electrode 713 or the LV
proximal electrode 717 to the can electrode 809.

Optionally, an LV coil electrode (not shown) may be
inserted into the patient’s cardiac vasculature, e.g., the coro-
nary sinus, adjacent the left heart. Signals detected using
combinations of the LV electrodes, 713, 717, LV coil elec-
trode (not shown), and/or can electrodes 809 may be sensed
and amplified by the left ventricular sensing circuitry 836.
The output of the left ventricular sensing circuit 836 is
coupled to the control system 820.

The outputs of the switching matrix 810 may be operated to
couple selected combinations of electrodes 711, 712, 713,
714,716,717, 756, 754 to an evoked response sensing circuit
837. The evoked response sensing circuit 837 serves to sense
and amplify voltages developed using various combinations
of'electrodes for cardiac response classification inaccordance
with embodiments of the invention.
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The pacemaker control circuit 822, in combination with
pacing circuitry for the right atrium, left ventricle, and right
ventricle 841, 843, 844, may be implemented to selectively
generate and deliver pacing pulses to the heart using various
electrode combinations. The pacing electrode combinations
may be used to effect bipolar or unipolar pacing of the heart
chambers.

Bipolar or unipolar pacing pulses may be delivered to a
heart chamber using various pacing vectors. The electrical
signal following the delivery of the pacing pulses may be
sensed through sensing electrodes coupled through the switch
matrix 810 to the evoked response sensing circuit 837 and/or
other sensing circuits 831, 832, 836 and used to classify the
cardiac response to pacing.

For right ventricular pacing, bipolar pacing may be deliv-
ered using the RV-tip electrode 712 and the RV-ring electrode
711. Unipolar pacing may be delivered using the RV-tip 712
to can 809 vector. In an example of left ventricular pacing,
bipolar pacing pulses may be delivered to the left ventricle
between the LV distal electrode 713 and the LV proximal
electrode 717. In another example, unipolar pacing pulses
may be delivered to the left ventricle, for example, between
the LV distal electrode 713 and the can 809.

In one embodiment of the invention, a switching matrix
810 is coupled to the RA-tip 756, RA-ring 754, RV-tip 712,
RV-coil 714, LV distal electrode 713, LV proximal electrode
717, SVC coil 716, LA distal electrode 718, LA proximal
electrode 715, indifferent, and can 809 electrodes. The
switching matrix 810 may be arranged to provide connections
to various configurations of pacing and defibrillation elec-
trodes. The outputs of the switching matrix 810 are coupled to
an evoked response (ER) sensing circuit 837 that serves to
sense and amplify cardiac signals detected between the
selected combinations of electrodes. The detected signals are
coupled through the ER sensing circuit 837 to capture detec-
tion circuitry 825.

FIG. 7C depicts a block diagram illustrating an evoked
response (ER) sensing channel. Electrodes pairs, selected
from the can, indifferent, A-ring, A-tip, RV-coil, RV-tip, RV-
ring, [ V-distal, and LV-proximal electrodes, may be coupled
through a switch matrix 810 to the ER sense amplifier. The
switch matrix 810 allows various combinations of electrodes
to be selected for capture sensing. The amplified signal is
applied to a bandpass filter, which may be programmable, and
digitized in an A to D converter (ADC). The digitized signal
is evaluated by a capture detector to determine if a pacing
pulse captured the heart chamber. In various embodiments,
the capture detector may also receive inputs from other sens-
ing circuits, including the left ventricular sensing circuit and/
or the right ventricular sensing circuit, to effect the multi-
chamber capture detection processes described herein.

Capture may be detected by evaluating characteristics of
the sensed signal. For example, the capture detector may
evaluate the peak value, rise time, peak width, slope, timing,
and/or other morphological characteristics of the sensed sig-
nal to determine if the sensed signal represents an evoked
response. In one embodiment, the morphology of the sensed
signal may be compared to a morphology template represen-
tative of an evoked response. If the morphology of the sensed
signal is consistent with the evoked response morphology
template, then capture is declared.

In one embodiment, illustrated by the graph of FIG. 8, the
amplitude of the sensed signal is compared to a capture detec-
tion threshold (CDT). If the amplitude of the sensed signal
(ER,,..) meets or exceeds the capture detection threshold
(CDT) within a capture detection window (CDW) following
a pace, then capture is declared. For example, the capture
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detection window (CDW) may begin about 10 ms after the
pacing pulse and continue until about 64 ms after the pacing
pulse. Other values for the capture detection window may be
selected based on evoked response channel characteristics, or
other considerations.

For example, one implementation involves abouta 15 ms to
about a 55 ms capture detection window. The evoked is
sensed using the same electrode that is used to pace the heart
chamber, e.g., pacing is performed using V-tip and V-ring
electrodes; sensing is performed using V-tip electrode and
can). Such an implementation is described in commonly
owned U.S. Pat. No. 6,226,551 which is incorporated herein
by reference. This implementation represents one of many
configurations. Other electrode configurations for sensing
and pacing are possible and are included within the scope of
this invention. For example, use of various electrodes for
pacing and sensing in connection with detection of an evoked
response is described in commonly owned U.S. Pat. No.
6,128,535 and U.S. patent application Ser. No. 10/735,519
both incorporated herein by reference. Loss capture (LOC)
may be determined if the signal sensed on the evoked
response channel following a pace does not meet or exceed
the capture detection threshold for a predetermined number
of beats. In some embodiments, LOC may be determined if
evoked response channel signals following, for example,
about 3 out of about 5 paces do not meet or exceed the capture
detection threshold.

The flowchart of FIG. 9 illustrates a multi-chamber capture
detection process in accordance with embodiments of the
invention. In this implementation, an atrioventricular delay
(AVD) is initiated after an intrinsic or paced atrial event. If an
intrinsic ventricular depolarization is not detected before the
end of the AVD, then a first ventricle is paced. If the first
ventricular event 920 is a paced event 931, then an interven-
tricular delay (IVD), for example, a delay interval of about 0
to about 350 ms, may be initiated. A pacing pulse is delivered
933 to the second ventricle following expiration of the inter-
ventricular delay. In some embodiments, the pacing pulse
delivered to the second ventricle may be inhibited if an intrin-
sic depolarization of the second ventricle is detected before
expiration of the interventricular delay.

If an intrinsic depolarization of the second ventricle 934 is
detected, then the process proceeds to check for capture of the
first ventricle. If the second ventricle is paced 933, then the
capture status of the second ventricle is determined based on
the cardiac signal sensed 935 in the second ventricle through
the ER channel. Capture may be determined by evaluating
various characteristics (peak value, peak width) of the ER
channel signal, or be comparing the ER channel signal to a
capture template, for example. If the pacing pulse delivered to
the second ventricle does not capture 936 the second ven-
tricle, then bradycardia therapy support is not confirmed 950.

If the pacing pulse delivered to the second ventricle cap-
tures 936 the second ventricle, then bradycardia therapy is
confirmed 938, and the process proceeds to determine the
capture status of the first ventricle. The cardiac signal of the
first ventricle is sensed 940, for example, using the sensing
channel of the first ventricle, during a cross chamber sensing
window that follows delivery of the second pacing pulse. If
the cardiac activity sensed 942 in the first ventricle meets or
exceeds a threshold value, then the first ventricle is not cap-
tured, and delivery of resynchronization therapy is not con-
firmed 948. If the cardiac activity sensed 942 in the first
ventricle is below the threshold value, then the first ventricle
is captured, and delivery of resynchronization therapy is con-
firmed 930.
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An intrinsic depolarization of the first ventricle may be
detected prior to expiration of the AVD. In this situation, the
scheduled pacing pulse to the first ventricle may be inhibited.
If an intrinsic depolarization of the first ventricle 921, then
bradycardia therapy is confirmed 922. The second ventricle
may be paced 923 to provide cardiac resynchronization
therapy, or an intrinsic depolarization of the second ventricle
924 may occur. If an intrinsic depolarization of the second
ventricle 924 occurs, then cardiac resynchronization therapy
is confirmed 930.

If'the second ventricle is paced 923, then the process deter-
mines if the second ventricular pace resulted in capture. Car-
diac electrical activity in the second ventricle is sensed 925
using the evoked response channel. The cardiac activity sig-
nal is evaluated to determine the capture status of the second
ventricle. For example, the cardiac activity during a capture
detection window may be evaluated using any of the tech-
niques noted above, or by other capture detection techniques.
If capture of the second ventricle is detected 926, then cardiac
resynchronization therapy is confirmed 930. If capture of the
second ventricle is not detected 926, then cardiac resynchro-
nization therapy is not confirmed 948.

FIGS. 10-12 are flowcharts illustrating methods of multi-
chamber capture detection in accordance with embodiments
of the invention. The flowchart of FIG. 10 illustrates the
situation wherein both left and right ventricles are paced. The
flowcharts of FIGS. 11 and 12 illustrate the situations wherein
one ventricle is paced and an intrinsic depolarization is
detected in the other ventricle.

Turning to the flowchart of FIG. 10, the first and second
ventricles are paced 1005, 1010. In this example, the first
ventricle is the left ventricle and the second ventricle is the
right ventricle. The opposite arrangement, e.g., the first ven-
tricle is the right ventricle and the second ventricle is the left
ventricle, could also be used. The right ventricular signal is
sensed 1015 using the ER channel in a capture detection
window. [fright ventricular capture is not detected 1020, then
bradycardia therapy is not confirmed 1065. The system may
respond to a noncapture determination by scheduling 1070 a
back up pace, initiating 1060 an autothreshold test, and/or
increasing 1060 the right ventricular pacing voltage.

If right ventricular capture is detected 1020, then bradycar-
dia therapy is confirmed 1025. The cross chamber activation
is sensed 1030 on the LV sensing channel. Cardiac activity
that meets or exceeds a threshold value 1035 in the LV indi-
cates that the LV was not captured 1050 by the LV pacing
pulse. If the left ventricle was not captured 1050, then cardiac
resynchronization therapy is not confirmed 1055. The system
may respond by initiating an autothreshold test and/or by
increasing the left ventricular pacing voltage. Cardiac activity
below the threshold value 1035 indicates that the LV pacing
pulse captured 1040 the LV. Resynchronization therapy is
confirmed 1045.

The flowchart of FIG. 11 illustrates the situation wherein a
first ventricle is paced 1105 and an intrinsic depolarization
1110 of the second ventricle occurs. In this example, the first
ventricle is the left ventricle and the second ventricle is the
right ventricle. The opposite arrangement, e.g., the first ven-
tricle is the right ventricle and the second ventricle is the left
ventricle, could also be used. Detection of an intrinsic depo-
larization of the RV confirms 1125 bradycardia therapy sup-
port. The process proceeds to determine if the LV was cap-
tured by the LV pacing pulse. Cross chamber activation is
sensed 1130 on the LV sensing channel. Cardiac electrical
activity inthe LV that meets or exceeds a threshold value 1135
indicates that the LV was not captured 1150 by the LV pacing
pulse. If the left ventricle was not captured 1150, then cardiac
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resynchronization therapy is not confirmed 1155. The system
may respond by initiating an autothreshold test and/or by
increasing the left ventricular pacing voltage. Cardiac activity
below the threshold value 1135 indicates that the LV pacing
pulse captured 1140 the LV. Resynchronization therapy is
confirmed 1145.

The flowchart of FIG. 12 illustrates the situation wherein
an intrinsic depolarization 1205 of the first ventricle occurs
and a second ventricle is paced 1210. In this example, the first
ventricle is the left ventricle and the second ventricle is the
right ventricle. The opposite arrangement, e.g., the first ven-
tricle is the right ventricle and the second ventricle is the left
ventricle, could also be used. Detection of an intrinsic depo-
larization of the LV confirms 1212 bradycardia therapy sup-
port. The process proceeds to determine if the RV was cap-
tured by the RV pacing pulse. Cardiac electrical activity in the
RV is sensed 1215 on the ER channel. Capture is detected
1220 using any of the capture detection methods listed above,
or other methods. If the RV was not captured 1220, then
cardiac resynchronization therapy is not confirmed 1265. The
system may respond by initiating 1260 an autothreshold test
and/or by increasing 1260 the left ventricular pacing voltage.
If the RV was captured 1220, then cardiac resynchronization
therapy is confirmed 1230.

FIGS. 13A-131 are timing diagrams illustrating automatic
capture detection using cross chamber sensing in accordance
with embodiments of the invention. For purposes of illustra-
tion, the left ventricular event generally precedes the right
ventricular event in the timing diagrams illustrated in FIGS.
13A-131. In other scenarios, the right ventricular event could
precede the left ventricular event. Selection of the sensing
channels and sensing vectors used may be based on the LV-
RV offset. For example, if the left ventricle is paced before the
right ventricle, then the ER channel may utilize the RV-coil to
Can vector to sense the electrical signal of the right ventricle.
The left ventricular sensing channel may be employed to
sense the cross-chamber electrical activity of the left ven-
tricle, using, for example, the LV proximal electrode to LV
distal electrode sensing vector. In the case of right ventricle
paced before left ventricle, the LV-ring to Can vector may be
used to sense the evoked response and the RV-tip to RV-ring
may be used to sense the cross-chamber activity in the right
ventricle.

FIG. 13A illustrates the relationships between cardiac
events and various timing windows and sensing channels that
may be employed for multi-chamber capture detection. The
top graph 1301, illustrates the timing of cardiac events, the
middle graph 1302 illustrates timing windows utilized for the
ER channel, and the bottom graph 1303 illustrates timing
windows utilized on the LV sensing channel. The ER channel
for these illustrations is used to sense right ventricular events
through the RV-coil to can sensing vector.

Following an intrinsic atrial depolarization or paced atrial
event (AS/AP), a left ventricular pacing pulse (LVP) is deliv-
ered to a left ventricle. The ER channel 1305 and the LV
channel 1303 are blanked 1310, 1311 following the LVP to
avoid saturation of the sense channel amplifiers. In one
example, the ER channel may be blanked for about 10 ms and
the LV sensing channel may be blanked for about 40 ms after
delivery of the LVP for a period of about 40 ms. A right
ventricular pacing pulse (RVP) is delivered to the right ven-
tricle following an interventricular delay 1312. The ER chan-
nel 1302 and the LV channel 1303 are blanked 1316, 1318
after delivery of the RVP to avoid saturation of the sense
channel amplifiers. The ER channel may be blanked for about
10 ms and the LV sensing channel may be blanked for about
40 ms after the RVP.
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After the ER channel blanking period 1316, a capture
detection window 1320 is initiated on the ER channel 1302.
The capture detection window may comprise an interval of
about 10 ms to about 80 ms, for example. The system senses
onthe ER channel 1302 for cardiac activity during the capture
detection window 1320. The cardiac signal sensed on the ER
channel 1302 during the capture detection window 1320 is
used to detect capture of the right ventricle.

After the LV sensing channel blanking period 1318, a cross
chamber sensing interval 1330 is initiated on the LV sensing
channel 1303. The cross chamber sensing window may com-
prise an interval of about 40 ms to about 150 ms, for example.
The system senses on the LV sensing channel 1303 during the
cross chamber sensing window 1330 for cardiac activity in
the left ventricle responsive to the RVP. If both pacing pulses
LVP, RVP captured their respective chambers, the depolar-
ization wavefront caused by the LVP collides with a depolar-
ization wavefront traveling in the opposite direction caused
by the RVP. The collision of depolarization wavefronts can-
cels the cardiac signal in the left ventricle generated by the
depolarization wavefront resulting from the RVP. If the left
ventricle was not captured by the LVP, then no cancellation
occurs, and the depolarization wavefront caused by the RVP
is evident in the cardiac signal sensed on the LV sensing
channel 1303 during the cross chamber sensing window
1330. Interval 1390 represents the conduction time from an
atrial event (sense or pace) conducted to the left ventricle,
interval 1392 represents the conduction time from an atrial
event (sense or pace) conducted to the right ventricle, and
interval 1394 represents the conduction time between ven-
tricles.

FIG. 13B is a timing diagram illustrating cardiac electrical
signals sensed on the ER channel 1302 and the LV sensing
channel 1303 when the LVP and the RVP produce capture of
the left and right ventricles, respectively. Following the RVP,
an evoked response signal 1340 detected on the ER channel
1302 during the capture detection window 1320 indicates that
the RVP produced capture of the right ventricle. Detection of
capture of the right ventricle confirms bradycardia support.

The electrical signal 1350 produced by the LVP is indi-
cated during the LV sense channel blanking period 1311
following the LVP. The lack of electrical activity sensed on
the LV sense channel 1303 during the cross chamber sensing
window 1330 indicates the LVP captured the left ventricle.

FIG. 13C is a timing diagram illustrating cardiac electrical
signals indicating VP capture and RVP noncapture. A car-
diac electrical signal 1350 produced by the LVP is indicated
during the blanking period 1311 ofthe LV sense channel 1303
following the LVP. The signal 1360 produced by the RVP is
indicated during the ER channel blanking period 1310 fol-
lowing the RVP. The RVP does not produce capture of the
right ventricle, however, as indicated by the absence of a
signal above a capture detection threshold in the capture
detection window 1320 of the ER channel 1302. Bradycardia
therapy support is not confirmed and capture of the left ven-
tricle by the LVP is undetermined. In this scenario, a high
energy backup pace is delivered to the right ventricle. RV
capture is confirmed by the evoked response 1340 sensed
following the RV backup pace.

FIG. 13D is a timing diagram illustrating cardiac electrical
signals representing capture of the right ventricle by the RVP
and noncapture of the left ventricle by the LVP. The cardiac
signal 1340 detected in the ER channel capture detection
window 1320 indicates capture of the right ventricle and
confirms bradycardia support. The cardiac signal detected in
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the cross chamber blanking window 1330 of the LV sense
channel 1303 indicates noncapture of the left ventricle by the
LVP.

FIG. 13E is a timing diagram illustrating cardiac electrical
signals representing noncapture of the right ventricle by the
RVP and noncapture of the left ventricle by the LVP. The
signal 1360 produced by the RVP is evident during the ER
channel blanking period 1310 following the RVP. The RVP
does not produce capture of the right ventricle, however, as
indicated by the absence of a signal above a capture detection
threshold in the capture detection window 1320 of the ER
channel 1302. Bradycardia therapy support is not confirmed.
The cardiac signal 1370 detected in the cross chamber sens-
ing window 1330 of the LV sensing channel 1303 indicates
noncapture of the left ventricle by the LVP. In this scenario, a
high energy backup pace is delivered to the right ventricle. RV
capture is confirmed by the evoked response 1340 sensed
following the RV backup pace.

The timing diagrams of FIGS. 13F and 13G relate to car-
diac electrical signals produced during a cardiac cycle that
includes an intrinsic right ventricular event RVS. If an intrin-
sic right ventricular event RVS is sensed before delivery of a
scheduled right ventricular pace, i.e., before expiration of the
interventricular delay 1312, then a scheduled right ventricular
pace may be inhibited. The inhibition of the right ventricular
pace is indicated by parentheses enclosing the RVP. Brady-
cardia therapy is confirmed due to the sensed right ventricular
event RVS. FIG. 13F illustrates the electrical signal 1370
indicative of left ventricular noncapture in the cross chamber
sensing window 1330 of the LV sensing channel 1303. FIG.
13G illustrates the situation wherein capture of the left ven-
tricle is accomplished. The signal in the cross chamber sens-
ing window 1330 of the LV sensing channel 1303 is negli-
gible, indicating left ventricular capture.

FIGS. 13H and 131 illustrate cardiac electrical signals pro-
duced during a cardiac cycle that includes an intrinsic left
ventricular event LVS. An interventricular delay 1312 is ini-
tiated based on the LVS. An RVP is delivered after the inter-
ventricular delay 1312. FIG. 13H illustrated a cycle wherein
right ventricular capture is detected based on the cardiac
signal 1340 sensed in the ER channel blanking period 1316 of
the ER channel 1302. Bradycardia therapy is confirmed. F1G.
131 illustrates a cardiac cycle wherein the RVP does not
capture the right ventricle. Noncapture of the right ventricle is
evidenced by a negligible signal in the ER channel blanking
period 1316. Bradycardia therapy is not confirmed.

A number of the examples presented herein involve block
diagrams illustrating functional blocks used for coordinated
monitoring, diagnosis and/or therapy functions in accordance
with embodiments of the present invention. It will be under-
stood by those skilled in the art that there exist many possible
configurations in which these functional blocks can be
arranged and implemented. The examples depicted herein
provide examples of possible functional arrangements used
to implement the approaches of the invention.

It is understood that the components and functionality
depicted in the figures and described herein can be imple-
mented in hardware, software, or a combination of hardware
and software. It is further understood that the components and
functionality depicted as separate or discrete blocks/elements
in the figures in general can be implemented in combination
with other components and functionality, and that the depic-
tion of such components and functionality in individual or
integral form is for purposes of clarity of explanation, and not
of limitation.
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What is claimed is:

1. A capture detection method, comprising:

delivering a first pacing pulse to a first heart chamber;

delivering a second pacing pulse to a second heart cham-

ber;

determining if the second pacing pulse captured the second

heart chamber;
sensing in the first heart chamber for a cross chamber-
propagation initiated by the second pacing pulse; and

detecting capture of the first chamber if capture of the
second heart chamber is detected and if the cross-cham-
ber propagation is not detected.

2. The method of claim 1, further comprising detecting
non-capture of the first heart chamber if capture of the second
heart chamber is detected and if the cross-chamber propaga-
tion is detected.

3. The method of claim 1, wherein sensing in the first heart
chamber for the cross-chamber propagation comprises sens-
ing in the first heart chamber during a cross-chamber timing
interval implemented relative to the second pacing pulse.

4. The method of claim 1, wherein delivering the first
pacing pulse and delivering the second pacing pulse com-
prises delivering the first and the second pacing pulses sepa-
rated in time by a delay interval.

5. The method of claim 1, wherein delivering the first
pacing pulse and delivering the second pacing pulse com-
prises delivering the first pacing pulse and the second pacing
pulses substantially simultaneously.

6. The method of claim 1, wherein:

delivering the first pacing pulse to the first heart chamber

comprises delivering the first pacing pulse to a first ven-
tricle; and

delivering the second pacing pulse to the second heart

chamber comprises delivering the second pacing pulse
to a second ventricle.

7. The method of claim 6, further comprising performing
beat by beat automatic capture detection of the second ven-
tricle.

8. The method of claim 1, further comprising sensing in the
second heart chamber for an intrinsic depolarization;
wherein:

delivering the second pacing pulse to the second heart

chamber comprises delivering the second pacing pulse if
a intrinsic depolarization of the second heart chamber is
not sensed.
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9. A cardiac rhythm management system, comprising:

cardiac electrodes configured to electrically couple to a
heart;

a pulse generator coupled to the cardiac electrodes and
configured to deliver first and second pacing pulses to
first and second heart chambers respectively;

a sensing circuit configured to sense cardiac electrical sig-
nals including cross-chamber propagation initiated by
the second pacing pulse; and

a capture detection circuit coupled to the sensing circuit
and the cardiac electrodes, the capture detection circuit
configured to determine if the second pacing pulse cap-
tured the second heart chamber and to detect capture of
the first heart chamber if capture of the second heart
chamber is detected and if the cross-chamber propaga-
tion is not detected.

10. The cardiac rhythm management system of claim 9,

wherein the sensing circuit comprises:

a first sensing channel configured to sense for the cross-
chamber propagation; and

a second sensing channel configured to sense an evoked
response of the second heart chamber initiated by the
second pacing pulse.

11. The cardiac rhythm management system of claim 10,
wherein the first sensing channel is configured to sense for the
cross-chamber propagation during a cross chamber blanking
period implemented relative to the second pacing pulse.

12. The cardiac rhythm management system of claim 9,
wherein the first heart chamber is a first ventricle and the
second heart chamber is a second ventricle.

13. A cardiac rhythm management system, comprising:

a pulse generator configured to deliver a first pacing pulse
to a first heart chamber and a second pacing pulse to a
second heart chamber;

a capture detector configured to determine if the second
pacing pulse captured the second heart chamber;

means for sensing in the first heart chamber for a cross-
chamber propagation initiated by the second pacing
pulse; and

means for detecting capture of the first chamber if capture
of the second heart chamber is detected and if the cross-
chamber propagation is not detected.

#* #* #* #* #*
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